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Abstract:Waste settlement as well as consolidation phenomena, which occur inside a landfill for municipal solid waste (MSW), can cause
a decrease in waste permeability. This can lead to a reduction in conveyance of the leachate drainage system. It is therefore possible that a
so-called perched leachate zone will form. Such a zone is constituted by an area in the body of the landfill where the leachate is temporarily
trapped and is unable to infiltrate downward. This phenomenon is influenced by many factors, which include rain infiltration rate, waste
moisture and composition, landfill height, and so on. The main aim of the paper is to elucidate the role played by landfill height in the
formation of perched leachate zones using a one-dimensional (1D) mathematical model. The model allows for the simulation of the perco-
lation fluxes throughout an MSW landfill based on mass-balance equations. The results showed a different response in terms of flow rates
throughout the landfill, highlighting the important role of landfill height in the formation of perched leachate zones. Landfill height influences
not only the formation of perched leachate zones but also their extension throughout the body of the landfill.DOI: 10.1061/(ASCE)EE.1943-
7870.0000950. © 2015 American Society of Civil Engineers.
Introduction
At present, the recovery of energy from municipal solid waste
(MSW) before disposal is a rare practice adopted in only a few
countries worldwide (Norbu et al. 2005). The majority of the pro-
duced MSW is still disposed of in landfills, often without any pre-
treatment (Babu et al. 2013; El-Fadel et al. 1997; Fellner and
Brunner 2010; Slack et al. 2007). Usually, landfills for MSW dis-
posal can be considered as large bioreactors where anaerobic proc-
esses are established, producing gaseous and liquid emissions
(Imhoff et al. 2007). More specifically, biodegradable organic com-
pounds are subjected to hydrolysis, acidification, and methaniza-
tion, which produce landfill gas (LFG) composed of methane,
carbon dioxide, and trace components. On the other hand, rainfall
infiltration, coupled with the original moisture content of the waste,
contributes to transporting pollutants and inhibitory compounds
within the body of the landfill, leaching out organic and inorganic
compounds. The produced leachate is generally collected by means
of a drainage system at the landfill bottom, and thereafter it is
either treated onsite or transferred to a wastewater-treatment plant
(Sormunen et al. 2008).
Leachate production from municipal sanitary landfills is cur-
rently recognized as an important environmental issue associated
with MSW management and it may be responsible for polluting
local groundwater and soil (Ehrig 1983; Beaven et al. 2001). To
operate landfills in a sustainable way, thus reducing their negative
effects on the environment, it is important to have an understanding
of their physical, chemical, and biological behavior (Fellner and
Brunner 2010). In addition to biological transformations, waste
settlement (Hettiarachchi et al. 2007; Babu et al. 2011) inside the
landfill body might alter the (1) waste density and (2) landfill mor-
phology, which represent the two primary factors in predicting
landfill capacity as well as its hydraulic behavior (Bleiker et al.
1995; El-Fadel and Khoury 2000). Waste settlement in large land-
fills and the consequent increase in waste density can have a neg-
ative impact on landfill management operations due to a reduction
in permeability (Powrie and Beaven 1999). The increase in the ver-
tical strain due to MSW that has been disposed of in the upper
layers, in combination with biochemical degradation, lead to a re-
duction in hydraulic conductivity of the landfill layers below (Wu
et al. 2012a, b). This behavior is of importance when referring
to the formation of the so-called perched leachate zone (Koerner
and Soong 2000; Fellner and Brunner 2010; Di Bella et al. 2012).
Specifically, a perched leachate zone can be defined as a horizontal
area in the landfill body where the leachate is temporarily trapped
and is unable to infiltrate to the bottom layers, since the low hy-
draulic conductivity in the intermediate layers prevents the leachate
from being conveyed downward as fast as it is infiltrating from the
upper layers. Therefore, a perched leachate zone is a temporary
phenomenon that might appear in an intermediate layer of the land-
fill, where a saturated horizon is confined within otherwise unsatu-
rated waste. This phenomenon is prevalent in very high landfills
where rainfall infiltration into the landfill body can be significantly
higher than the water moving down toward the lower layers due to
the huge decrease in effective porosity. Such a phenomenon, also
emphasized by the daily clay coverage, can cause a lateral leachate
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migration (Powrie and Beaven 1999), enabling its escape from the
landfill edges, influencing landfill stability with a decrease in the
given site-specific factor of safety, with the possibility of contami-
nating external areas (Koerner and Soong 2000). In particular, pre-
vious studies analyzed the pore pressures and leachate levels in a
saturated waste mass subjected to one-dimensional (1D) downward
flow and infiltration into an initially unsaturated waste that re-
mained saturated behind the wetting front (Powrie and Beaven
1999; White et al. 2011). However, the perched leachate level de-
fined as a temporarily saturated horizon within otherwise unsatu-
rated waste has not yet been completely elucidated. Furthermore,
although the effect of landfill height on many aspects (e.g., settle-
ment, leachate formation, gas generation, and so on) has been in-
vestigated by many researchers (e.g., Babu Sivakumar et al. 2013;
White et al. 2011; Jianguo et al. 2010; Hudson et al. 2004), its in-
fluence on the formation of perched leachate zones has not been
studied thoroughly.
Recently, Di Bella et al. (2012) proposed a 1D mathematical
model that enables the simulation of the formation of a perched
leachate zone. The proposed 1D model allows for the simulation
of the percolation fluxes throughout a MSW landfill and it is based
on mass-balance equations. The model showed that the formation
of a perched leachate zone is strongly influenced by the initial
moisture content of MSW for a given landfill height. However,
the role played by landfill height in the formation of perched leach-
ate has not been elucidated (Di Bella et al. 2012). Bearing these
considerations in mind, the main aim of this paper is to gain insight
about the influence of landfill height on the formation of a perched
leachate zone by employing a mathematical model developed in
previous studies (Di Bella et al. 2012). The final goal of this paper
is to use modeling to assess the effects of landfill height as well as
initial MSW moisture content. The results of the model showed
that there was a different response in terms of flow rates throughout
the landfill. Landfill height drastically influenced not only the for-
mation of perched leachate zones but also their extension. In par-
ticular, the results made it possible to identify a sort of landfill
height threshold below which the perched leachate zones do not
appear.
Methods
Model Description
The 1D model (Di Bella et al. 2012) simulates an idealized MSW
landfill taking into account the main liquid flows moving through-
out the body of the solid waste. In contrast with previous studies
(e.g., White et al. 2011), the model makes it possible to simulate the
formation of a perched leachate zone. More specifically, the math-
ematical model was employed in order to quantify the role played
by MSW landfill height in the formation of perched leachate zones.
Fig. 1 illustrates the conceptual scheme of the model, which is em-
ployed to simulate the MSW landfill. A basic assumption of the
model is that the landfill body is not subjected to variation in terms
of its structure (e.g., porosity, carbon content, height, settlements,
hydraulic conductivity, and so on); such a hypothesis is as much as
close to the reality whenever the landfill is approaching its postop-
erational period.
Briefly, the model is based on mass-balance equations that allow
for an evaluation of moisture content inside the landfill body, thus
enabling the evaluation of perched leachate zone formation. In par-
ticular, the assumption of the model is that under unsaturated con-
ditions, the leachate flow is only vertical, while no horizontal flow
occurs.
More specifically, the simulation of unsaturated moisture flow is
calculated on the basis of the Richards equation, which is highly
nonlinear. The latter is obtained by coupling the vertically distrib-
uted unsaturated flow theory (Straub and Lynch 1982) with Darcy’s
law for an unsaturated porous medium (Childs 1967).
Referring to the numerical formulation, the solution of the math-
ematical model algorithms is assessed by employing an explicit
finite-difference scheme of Order 1 in time and Order 2 in space.
The landfill body is then divided into several layers and the forma-
tion of a perched leachate zone will only occur when the saturated
moisture content is reached at any point in the landfill body. In
Fig. 2, a rational scheme of model formulation and application is
presented. In particular, the model takes into account the variation
of MSW hydraulic conductivity with landfill height, due to waste
Fig. 1. Model conceptual scheme
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settlement and to the consequent increase in vertical strain. There-
fore, the decrease of the saturated hydraulic conductivity Ksat with
landfill height can induce that, in an intermediate layer i, the mois-
ture content θi reaches the saturated condition θsat and consequently
the water flow infiltrating from the upper layer is higher than the
corresponding Ksat, leading to the formation of a perched leachate
zone. Furthermore, the excess flow that cannot be conveyed to the
lower layers, which can be considered as lateral leachate flow, is
obtained by means of a mass-balance equation applied to the over-
all waste column according to Eq. (1)
ðθk − θk−1Þ ×ΔVwaste ¼

qk0 − qkv;n −
Xn
i
qkh

×Δt ð1Þ
where θk ¼P θki ; θk−1 ¼P θk−1i ; θk = waste column moisture
(m3 m−3), expressed as the sum of the moisture of each layer
θki , at time k; θ
k−1 = waste column moisture (m3 m−3), expressed
as the sum of the moisture of each layer θk−1i , at time k − 1; and
ΔVwaste = elementary waste volume (m3), with unit area and height
of each equal to one of the layers. At time k, qk0 is the inlet rain flow,
qkv;n is the vertical leachate flow (m3 s−1), qkh is the lateral leachate
flow (m3 s−1), and i is the node number, ranging from 1 (superficial
node) to n (landfill bottom). The lateral leachate flow term
P
qkh is
assumed to be equal to zero until the moisture content is lower than
the saturation value, indicating no formation of a perched leachate
zone. When saturation is reached, the third term on the right-hand
side of Eq. (1) will be nonnull, thus indicating the appearance of a
perched leachate zone. For further details about the model, the
reader is referred to the literature (Di Bella et al. 2012).
Model Application
As mentioned in the Introduction, the model was applied to semi-
idealized landfills characterized by different landfill heights and
initial moisture content of the disposed waste. According to the
employed mathematical approach, the model takes into account
the dependence of the waste vertical strain on the waste wet density
ρwet. In particular, for model application an empirical equation
has been employed, derived from a real MSW landfill located in
Palermo (Bellolampo’s landfill). More specifically, by means of di-
rect measurements and experimental data, the relationship between
vertical stress σ and height z inside the landfill body was deter-
mined according to Eq. (2)
σ ¼ 5.5906 · z1.2501 ð2Þ
This relationship has been the used to derive Ksat and θsat;
Eq. (2) has been introduced into Eqs. (3) and (4) which relate
the waste hydraulic properties with the vertical strain within the
landfill body (e.g., Powrie and Beaven 1999; Beaven et al. 2000;
Di Bella et al. 2012)
θsat ¼ 47.566 · e−0.00179·σ ð3Þ
Fig. 2. Structural and rational scheme of model application
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Ksat ¼ 10 · σ−3.1 ð4Þ
Further details referring to the direct measurements as well as to the
adopted values of the model parameters are reported in Di Bella
et al. (2012).
As mentioned previously, the mathematical model has been
applied to four idealized MSW landfills characterized by different
heights, equal to (1) 15 m, (2) 20 m, (3) 30 m, and (4) 35 m.
Referring to each MSW height, in order to solve the numerical
scheme, the landfill has been divided into N layers of constant
thickness, set equal to 1 m. The number of layers was therefore
a function of the considered landfill height. Finally, a 4-h rainfall
event expressed by a triangular-shaped hyetograph has been con-
sidered (maximum intensity of rainfall, 26.05 mmh−1; total
amount of water introduced into the landfill body, 51.93 mm).
As a basic assumption of the model application, it was hypoth-
esized that the saturated condition at the top layer was not reached,
referring to the simulated rainfall duration and initial moisture
content of the MSW. Therefore, the entire rainfall flow infiltrates
throughout the landfill. For each landfill height, four initial MSW
moisture values (θ0θ−1sat ) were considered, equal to (1) 0.45, (2) 0.65,
(2) 0.80, and (4) 0.85, respectively. In order to obtain a better com-
parison superimposing similar conditions among the different si-
mulated cases, the biological processes and/or evapotranspiration
phenomena have been neglected. Furthermore, the same model
simulation period (35 days) has been considered for the different
simulated cases.
Results and Discussion
The model application enabled the calculation of vertical and lateral
leachate flow, which resulted from the considered rainfall event
that changed the landfill height and the initial moisture content.
The model is a 1D model and therefore does not simulate the propa-
gation of the horizontal flow. However, when a certain layer, owing
to its hydraulic conductivity, reaches its maximum flow capacity,
according to the model hypothesis, a perched leachate zone is
implicitly constituted. The obtained results show the influence ex-
erted by the landfill height as well as by the initial moisture content
on the formation of perched leachate. Fig. 3 shows the results in
terms of vertical and lateral leachate flows, per unit of horizontal
landfill area, for two different landfill heights characterized by the
same initial moisture content (θ0θ−1sat ¼ 0.45). As can be observed
in Fig. 3, there is a different behavior of the landfill in terms of
perched leachate zone formation. Particularly, for a landfill height
of 15 m, as shown in Fig. 3(a), the whole infiltrating liquid volume
deriving from the rainfall event is drained at the bottom of the
landfill body. As a result, there is no formation of a perched leach-
ate zone. Conversely, for the landfill height of 35 m, as shown in
Fig. 3(b), formation of a perched leachate zone takes place. As a
result, lateral leachate flow occurs, and the vertical leachate flow
wanes. An increase in vertical strain in the landfill height causes a
reduction in the saturated hydraulic conductivity Ksat [Eq. (4)]. In
particular, the increase in the landfill height strongly influences the
lateral leachate flow formation. As θsat decreases with the increase
Fig. 4. Lateral and vertical leachate flow considering an initial moisture content of the following: (a) θ0θ−1sat ¼ 0.85, landfill height equal to 15 m;
(b) landfill height equal to 20 m; (c) landfill height equal to 35 m
Fig. 3. Lateral and vertical leachate flow for initial moisture content θ0θ−1sat ¼ 0.45: (a) landfill height equal to 15 m; (b) landfill height equal
to 35 m
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in the landfill height, the vertical flow conveyable to the down-
stream layer decreases, leading to the formation of a lateral flow.
Fig. 4 shows vertical and lateral leachate flows for three differ-
ent landfill heights (15, 20, and 35 m) with an initial moisture con-
tent equal to 85% of θsat. The high value of θsat has been adopted to
simulate a scenario in which the landfill is subjected to a rainfall
event after another one had previously occurred.
As can be observed from Fig. 4, with this initial solid waste
moisture, the occurrence of a perched leachate zone takes place
for all the analyzed landfill heights. Furthermore, an increase in
lateral leachate flow takes place by increasing the landfill height.
Specifically, the maximum lateral leachate flow increases from 190
to 350 (10−8 ms−1), for an increase in landfill height from 15 to
35 m. Such a result is consistent with the simulated physical proc-
esses. Indeed, by increasing the landfill height, a decrease in the
permeability of the deeper landfill layers takes place as a result of
the increase in vertical strain. Furthermore, the total model outflow
(horizontal plus vertical) is approximately constant for a given ini-
tial water content and increases with increasing initial water content
as the capacity of the waste for storage is reduced. The results
reported in Fig. 3 differ from those of Fig. 4 due to the different
storage capacities in each case.
The influence of lateral leachate flow with the initial landfill
moisture content (θ0θ−1sat ). Indeed, comparing the results character-
ized by a different θ0=θsat value, it turns out that the lateral leachate
flow increases by two orders of magnitude regardless of the landfill
height (Figs. 3 and 4). By increasing the landfill height, there is a
different and opposite trend of the vertical and lateral leachate flows
(Fig. 4). In particular, the vertical leachate flow decreases upon
increasing the landfill height. Conversely, as a consequence, the
lateral leachate flow increases upon increasing the landfill height.
Such results are summarized in Table 1, where the characteristics of
vertical and lateral leachate flows are reported, corresponding to
different landfill heights and MSW moisture content. In Fig. 5,
as an example, the location and the duration of the perched leachate
zone are reported, referring to an initial θ0θ−1sat value equal to 0.85
and landfill height of 15, 20, 30, and 35 m, respectively. The du-
ration and the thickness of the perched leachate zone is increasing
with the landfill height; moreover, the perched leachate zone ap-
pears 10 m below the landfill top, almost in all the analyzed cases,
Fig. 5. Location and duration of the perched leachate zone considering an initial moisture content of θ0θ−1sat ¼ 0.85: (a) landfill height equal to 15 m;
(b) landfill height equal to 20 m; (c) landfill height equal to 30 m; (d) landfill height equal to 35 m
Table 1. Summary of the Vertical and Lateral Leachate Flows for the Investigated Landfill Heights and MSW Initial Moisture Contents
Landfill
height (m)
Cumulative vertical flow (mm) Cumulative lateral flow (mm)
θ0=θsat ¼ 45% θ0=θsat ¼ 65% θ0=θsat ¼ 80% θ0=θsat ¼ 85% θ0=θsat ¼ 45% θ0=θsat ¼ 65% θ0=θsat ¼ 80% θ0=θsat ¼ 85%
15 214.13 768.62 1,123.75 1,146.16 0.00 0.00 74.71 195.92
20 199.15 732.03 788.28 794.45 0.00 36.31 421.89 563.39
30 190.22 335.79 344.35 345.26 0.00 428.50 865.83 1,013.96
35 151.69 196.34 200.07 200.36 38.05 567.71 1,010.06 1,158.88
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thus highlighting the potential existence of a threshold value for
perched leachate formation, as better addressed in the subsequent
paragraphs.
Fig. 6 shows the results in terms of cumulative curves of the
lateral leachate volumes for different initial moisture content and
for a landfill height of 35 m. Fig. 6 shows how the volume of lateral
leachate flow becomes significant already from an initial moisture
content ratio equal to 0.65, which represents the usual moisture
content of MSW disposed of in landfills. Lateral flow, for the con-
sidered landfill heights, occurs more rapidly when the initial mois-
ture content of the landfill body is higher.
In Fig. 7, the total lateral volume as a function of landfill height
and initial MSW moisture content is reported. Fig. 7 shows the in-
fluence that both the initial moisture content and the landfill height
have on perched leachate formation.
Regarding Fig. 7, for θ0θ−1sat equal to 0.85, no perched leachate
formation occurs when the landfill height is lower than about 10 m.
This is consistent with the simulated phenomena. Upon increasing
the waste density with the landfill height, an effect of waste settle-
ment, a reduction in hydraulic conductivity takes place (Powrie
and Beaven 1999). Thus, the upper layers of the landfill body are
capable of draining a liquid volume that decreases with landfill
height. As a consequence, it is possible to establish a sort of landfill
threshold height below which no perched leachate occurs, and such
a value is strongly influenced by the initial moisture content of
waste, by means of a nonproportional relationship.
Conclusions
The percolation of leachate through a MSW landfill was simulated
by means of a simplified 1D model based on mass-balance equa-
tions. The model was applied to a semiidealized landfill character-
ized by four different landfill heights [namely (1) 15 m, (2) 20 m,
(3) 30 m, and (4) 35 m]. Synthetic triangular hyetographs were
adopted for the simulation of the rainfall, which is the main input
for the simulation of the MSW leachate flow. For each landfill
height, four different initial MSW moisture contents were taken
into account. The results confirmed the important role played by
landfill height on the formation of lateral leachate flow and they
also showed the influence of the initial MSW moisture content on
the potential formation of perched leachate zones. Moreover, the
results showed that lateral leachate flow is as high as the increase
in the initial moisture content. Upon increasing the initial moisture
content of MSW, saturation is achieved at the beginning of the rain
event. Such a fact leads to a reduction in the vertical leachate flow
because leachate flows in a saturated medium result in an increase
in the perched leachate volume. Finally, the model results showed
that a sort of critical landfill height exists, below which the perched
leachate zone does not exist.
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